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Coronary artery bypass grafts: ECG-gated multi-detector row CT
angiography--influence of image reconstruction interval on graft
visibility
Abstract
PURPOSE: To evaluate the influence of different reconstruction intervals of retrospectively
electrocardiographically (ECG)-gated multi-detector row computed tomographic (CT) angiography on
image quality of different segments of various types of coronary artery bypass grafts. MATERIALS
AND METHODS: Twenty consecutive patients with 62 grafts underwent retrospectively ECG-gated
four-channel multi-detector row CT angiography and conventional coronary angiography. Raw helical
CT data were reconstructed at 0%-90% of the cardiac cycle in increments of 10%. Each graft was
separated into three segments (proximal segment, graft body, and distal anastomosis). Three graft types
were identified according to site of distal anastomosis. Two readers assessed image quality of segments
and graft types. Effective radiation dose was calculated. RESULTS: Best image quality of all segments
was obtained at a reconstruction interval of 50%-70% of the cardiac cycle. Image quality of the
proximal segment did not vary significantly with different reconstruction intervals (analysis of variance,
P =.8), whereas image quality of the graft body and distal anastomosis changed significantly with
varying reconstruction intervals (P <.001). Distal anastomosis and body of types 1 and 2 grafts were best
seen at 60%-70% of the cardiac cycle, whereas distal anastomosis and body of type 3 grafts were best
visualized at 50%. Accuracy of CT angiography for detection of graft patency was 94% for reader 1 and
95% for reader 2. Effective dose for CT was 11.4 mSv for both men and women. Mean effective dose
for angiography was 2.1 mSv for men and women. CONCLUSION: Optimal selection of reconstruction
interval improves image quality of the graft body and of distal anastomosis in particular.
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Coronary Artery Bypass
Grafts: ECG-gated
Multi–Detector Row CT
Angiography—Influence of
Image Reconstruction Interval
on Graft Visibility1
PURPOSE: To evaluate the influence of different reconstruction intervals of retro-
spectively electrocardiographically (ECG)-gated multi–detector row computed to-
mographic (CT) angiography on image quality of different segments of various
types of coronary artery bypass grafts.
MATERIALS AND METHODS: Twenty consecutive patients with 62 grafts under-
went retrospectively ECG-gated four-channel multi–detector row CT angiography
and conventional coronary angiography. Raw helical CT data were reconstructed at
0%–90% of the cardiac cycle in increments of 10%. Each graft was separated into
three segments (proximal segment, graft body, and distal anastomosis). Three graft
types were identified according to site of distal anastomosis. Two readers assessed
image quality of segments and graft types. Effective radiation dose was calculated.
RESULTS: Best image quality of all segments was obtained at a reconstruction
interval of 50%–70% of the cardiac cycle. Image quality of the proximal segment
did not vary significantly with different reconstruction intervals (analysis of variance,
P  .8), whereas image quality of the graft body and distal anastomosis changed
significantly with varying reconstruction intervals (P .001). Distal anastomosis and
body of types 1 and 2 grafts were best seen at 60%–70% of the cardiac cycle,
whereas distal anastomosis and body of type 3 grafts were best visualized at 50%.
Accuracy of CT angiography for detection of graft patency was 94% for reader 1 and
95% for reader 2. Effective dose for CT was 11.4 mSv for both men and women.
Mean effective dose for angiography was 2.1 mSv for men and women.
CONCLUSION: Optimal selection of reconstruction interval improves image quality
of the graft body and of distal anastomosis in particular.
© RSNA, 2004
Coronary artery bypass surgery with use of either venous or internal mammary artery
(IMA) coronary artery bypass grafts has become an established treatment for symptomatic
multivessel coronary artery disease. One of the most important variables that determines
the successful clinical outcome of coronary artery bypass graft placement is the short- and
long-term patency rate of the grafts (1). For venous coronary artery bypass grafts, an
occlusion rate of 12%–20% has been reported within the 1st year after surgery (2). After 5
years postsurgery, the occlusion rate is 4% per year (1). For IMA bypass grafts, the occlusion
rate is about 10% after 10 years postimplantation (3).
So far, conventional coronary angiography has been considered the standard of refer-
ence for evaluation of the patency and luminal stenosis of coronary artery bypass grafts.
However, the main drawbacks of conventional coronary angiography for this purpose
include invasiveness, patient discomfort, and risk of complications (4). A less invasive
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imaging modality is desirable for evalua-
tion of patients suspected of having graft
stenosis or occlusion.
In the past, single–detector row helical
computed tomography (CT) and elec-
tron-beam CT have been applied for
evaluation of graft patency. The limited
temporal resolution with consecutive
motion artifacts, however, has rendered
single–detector row helical CT of little
value, particularly for the assessment of
distal anastomosis of coronary artery by-
pass grafts (5). Electron-beam CT is not
widely available, and technical trade-offs
may have hampered routine use for this
purpose.
The use of multi–detector row CT is
gaining increasing acceptance for nonin-
vasive cardiac imaging. Several studies
have demonstrated successful applica-
tion of multi–detector row CT angiogra-
phy for assessment of coronary artery dis-
ease and evaluation of cardiac valves (6–
10). Ropers et al (11) demonstrated
feasibility of retrospectively ECG-gated
multi–detector row CT angiography for
evaluation of coronary artery bypass graft
patency and stenosis. Although Ropers et
al reported a high diagnostic accuracy,
various artifacts prevented a large num-
ber of grafts from being evaluated diag-
nostically.
Among other artifacts, motion-related
artifacts are in general a critical issue
when using retrospectively ECG-gated
multi–detector row CT angiography for
evaluation of the coronary arteries.
When imaging coronary artery bypass
grafts, this is especially true for the distal
graft anastomosis, where analysis is often
limited even with the high temporal and
spatial resolution provided by multi–de-
tector row CT angiography (11). How-
ever, our practical experience suggests
that the visibility of the individual graft
segments may be dependent on the im-
age reconstruction interval of the CT data
set.
Thus, the purpose of our study was to
evaluate the influence of different recon-
struction intervals of retrospectively
ECG-gated multi–detector row CT an-
giography on the image quality of differ-
ent segments of various types of coronary
artery bypass grafts.
MATERIALS AND METHODS
Patients and Grafts
During a 12-month period, 24 consecu-
tive patients with coronary artery bypass
grafts who had been referred for conven-
tional coronary angiography for symptom-
atic coronary heart disease were considered
eligible for this study. Exclusion criteria
were the following: history of renal insuf-
ficiency (creatinine level,2.0 mg/dL [177
mol/L]), history of adverse reactions to
iodinated contrast agents (four patients),
atrial fibrillation, shortness of breath, and
unwillingness to give informed consent for
the study protocol (three patients). Pres-
ence of implanted pacemakers (one of 20
patients [5%]) or valve prosthesis was not
an exclusion criterion.
Hence, the final study group consisted
of 20 consecutive patients (17 men with a
mean age of 68.9 years and age range of
55–79 years; three women with a mean
age of 68.7 years and age range of 63–77
years) with 62 coronary artery bypass
grafts. There was no statistically signifi-
cant difference between men and women
with regard to age (Mann-Whitney U
test, P  .71). All patients had a sinus
rhythm (mean heart rate, 70 beats per
minute; range, 34–102 beats per minute).
All patients underwent conventional coro-
nary angiography first, followed by multi–
detector row CT angiography within 3
days. No coronary intervention was per-
formed during conventional angiogra-
phy. The study was approved by the local
ethics committee, and written informed
consent was obtained from all patients.
Informed consent also included informa-
tion about the potential risk of additional
radiation with CT angiography.
Twenty-one of 62 (34%) coronary ar-
tery bypass grafts were IMA grafts, and 41
of 62 (66%) were venous grafts. Of the 21
IMA grafts, 17 (81%) were left IMA grafts
that were grafted onto the left anterior
descending artery. Four of 21 (19%) IMA
grafts were right IMA grafts that were
grafted onto the right coronary artery. Of
the 41 venous grafts, 12 (29%) were
grafted onto the left circumflex coronary
artery, and 15 (36%) were grafted onto
the left anterior descending artery. Four-
teen of 41 (34%) venous grafts were
grafted onto the right coronary artery.
For the purpose of further evaluation,
grafts were separated into three types ac-
cording to the site of the distal anasto-
mosis of the graft on the native coronary
artery. Type 1 grafts had distal anastomo-
sis to segments 6–10 (proximal [segment
6], middle [segment 7], and distal [seg-
ment 8] left anterior descending artery,
first [segment 9] and second [segment 10]
diagonal branch; 32 of 62 bypass grafts
[52%]). Type 2 grafts had distal anasto-
mosis to segments 11–15 (proximal [seg-
ment 11] and distal [segment 13] left cir-
cumflex artery, first marginal branch
[segment 12], posterolateral marginal
branch [segment 14], and posterior de-
scending branch [segment 15]; 12 of 62
bypass grafts [19%]). Type 3 grafts had
distal anastomosis to segments 1–4
(proximal [segment 1], middle [segment
2], and distal [segment 3] right coronary
artery and posterior descending branch
[segment 4]; 18 of 62 bypass grafts
[29%]). Segment 5 corresponded to the
left main coronary artery. There was no
graft on this segment in our study. The
time interval between implantation of
the peripheral arterial bypass graft and
inclusion of the patients into the study
ranged between 2 and 20 years (mean, 10
years).
Imaging and Reconstruction
Intervals
All CT scans were obtained by using a
Somatom Volume Zoom four-channel
multi–detector row CT scanner (Siemens,
Forchheim, Germany). After an initial
anteroposterior scout image was ob-
tained (120 kV, 50 mAs) with the patient
in supine position, the scanning range
was planned individually for each pa-
tient to encompass the extent of both the
coronary artery bypass grafts and the cor-
onary arteries, ranging from the subcla-
vian artery (including the proximal seg-
ment of IMA grafts) to the apex of the
heart. The mean craniocaudal distance of
the volume data set was 17 cm (range,
16–19 cm). All imaging was performed in
inspiratory breath hold (21–25 seconds),
preceded by mild hyperventilation with
oxygen-enriched air (4 L oxygen per
minute). Before image acquisition, all pa-
tients received 0.8 mg of nitroglycerine
sublingually to standardize vasomotor
tone in the native coronary arteries be-
yond the graft anastomosis. A patient’s
daily medication was neither stopped
nor changed for the purpose of the study,
and additional -blockers were not ad-
ministered in preparation for CT scan-
ning.
Contrast material–enhanced multi–
detector row CT was performed after ad-
ministration of 140 mL of a nonionic
iodinated contrast medium (iopromi-
dum, Ultravist 300; Schering, Berlin, Ger-
many; 300 mg of iodine per milliliter) via
a 20–22-gauge needle, which was placed
into a superficial vein located in the an-
tecubital fossa. The contrast medium was
administered with an automated injector
(Ulrich Medical, Ulm-Jungingen, Ger-
many) at a flow rate of 4 mL/sec, fol-
lowed by a 50-mL flush of saline at the
same flow rate. To achieve optimal con-
trast enhancement, the scanning delay
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was determined individually for each pa-
tient before CT scanning by using a test
bolus.
Ten consecutive transverse CT images
at the level of the aortic arch were ob-
tained every 2 seconds without table
feed, starting 12 seconds after injection
of a 20-mL test bolus of iopromidum at a
flow rate of 4 mL/sec, followed by a
50-mL saline flush at the same flow rate.
The scanning delay was determined as
the interval from the start of injection of
contrast material to peak enhancement
in the aortic arch, plus 3 seconds. Peak
enhancement was determined visually
by one radiologist (J.K.W., with 3 years of
experience in reading cardiac multi–de-
tector row CT angiograms) by evaluating
the vascular opacification at the level of
the aortic arch. The additional 3-second
delay was chosen to ensure passage of the
contrast medium into the coronary ar-
tery tree and the coronary artery bypass
grafts before the onset of scanning (12).
The mean delay time between start of
injection of contrast material and start of
CT scanning was 25 seconds (range,
21–30 seconds).
Contrast-enhanced multi–detector row
CT data were collected in helical mode
with simultaneous acquisition of four
sections with 2.5-mm section thickness,
500-msec rotation time, and table feed of
3.8 mm per rotation (pitch, 0.38). The
tube current was 300 mA at 120 kV. A
digital ECG file from the patient was re-
corded simultaneously during multi–de-
tector row CT scanning.
Raw CT data and the digital ECG file
were used for retrospective reconstruc-
tion of the transverse images by using a
commercially available workstation (Vol-
ume Zoom Navigator, software release
VA20B; Siemens). Depending on the
heart rate of the patient, two reconstruc-
tion algorithms were used: a conven-
tional single-segmental algorithm for
heart rates below 65 beats per minute
(one subsegment of consecutive helical
data from the same heart cycle was used,
resulting in a maximal temporal resolu-
tion of 250 msec) and an adaptive two-
segmental reconstruction when the heart
rate was higher than 65 beats per minute
(CT data from two adjacent heart cycles
were used for reconstruction with a max-
imum temporal resolution of 125 msec).
In all patients, 10 sets of reconstruc-
tions—at 0%, 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, and 90% of the R-R in-
terval of the previous R wave—were per-
formed for each raw data set with a B30
kernel (a medium soft-tissue kernel). The
reconstructed effective section thickness
(full width at half maximum of the heli-
cal section sensitivity profile) was 3 mm,
and the image increment was 1.5 mm,
which resulted in a mean of 1,130 trans-
verse images (range, 1,070–1,270 im-
ages). In all patients, the reconstruction
field of view was 20 cm with an image
matrix of 512  512 pixels. This resulted
in an interpolated voxel size of 0.4 
0.4  1.5 mm.
CT scans were acquired successfully in
all patients without any complications.
The imaging protocol was well tolerated
by all patients, and all patients were able
to hold their breath during CT data ac-
quisition (mean, 22 seconds; range,
21–25 seconds). The mean total room
time, defined as the time from patient
entry into the CT suite until scanning
was finished, was 15 minutes (range,
11–17 minutes) for all patients.
Image Analysis
Imaging data from all patients were
transferred to a dedicated workstation
(Advantage Windows 4.0; GE Medical
Systems, Milwaukee, Wis) equipped with
commercially available software. Image
analysis was performed separately by two
independent blinded radiologists (reader
1, T.B., and reader 2, J.K.W., both with 3
years of experience in reading cardiac
multi–detector row CT angiograms) on
the basis of transverse CT angiographic
images and volume-rendered displays,
which were reconstructed by an indepen-
dent technician who was not involved in
the study.
For generation of volume-rendered dis-
plays, a technician prepared a model af-
ter manual segmentation of obscuring
bone structures by using the commer-
cially available software installed on the
workstation. The percentage classifica-
tion transfer function was established in-
dividually for the data set of each patient
to maximize contrast material–filled vas-
cular structures while eliminating par-
tially enhancing surrounding tissue. The
lower threshold of the low-to-high opac-
ity curve was adjusted subjectively to rep-
resent the attenuation of the vasculature.
This volume-rendered model was available
for both readers at the workstation. There-
fore, for image analysis, each reader was
able to select any possible view at any an-
gulation along the z axis of the heart by
using the volume-rendered model.
Both readers independently adjusted
the optimal window settings for assess-
ment of coronary artery bypass grafts for
each patient individually (mean window
width, 600 HU; mean center level, 80
HU). A cine mode was available on the
workstation for rapid interactive inter-
pretation. Both readers were blinded to
patient data, including clinical history
and findings from conventional coro-
nary angiography, and to the ECG-gating
parameters. The readers analyzed all CT
data sets of each patient in random order,
but the CT data sets of all 10 reconstruc-
tion intervals for each individual patient
were available on the workstation for
analysis. However, the readers did not
know the percentage of the reconstruc-
tion interval of each individual patient’s
CT data. The number and course of the
coronary artery bypass grafts as obtained
from surgical reports were known to both
readers for each patient.
For the purpose of analysis, each graft
was divided into three segments: proxi-
mal segment, including the proximal
1-cm length of the graft (including the
proximal anastomosis in venous bypass
grafts); body of the graft; and distal anas-
tomosis, including the distal 1 cm of the
graft. Both readers assessed image quality
for each graft segment on each of the 10
reconstructed ECG-gated data sets by us-
ing a five-point Likert grading scale: 1,
nondiagnostic (diagnostic information
not obtained from nonvisible graft seg-
ment); 2, poor (severe motion artifacts
with doubling and/or blurring of the seg-
ment); 3, moderate (moderate motion ar-
tifacts with moderate blurring of the seg-
ment); 4, good (minor motion artifacts
with slight blurring of the segment); and
5, excellent (no motion artifact with clear
delineation of the entire segment).
For the assessment of image quality of
each segment, scoring was based on the
overall impression of all individual sec-
tions belonging to each graft segment.
For example, a clip artifact present in
only one section of a graft segment did
not result in an image quality grade 1 if
the other sections of the graft segment
were of good or excellent image quality.
Image quality degradation caused by
metal clip artifacts was recorded.
Graft patency was evaluated for each of
the three segments by both readers inde-
pendently. For this purpose, the recon-
struction data set with the best subjective
image quality according to the reader was
used for further evaluation. Patency or
occlusion of the grafts was assessed for all
three segments subjectively. An electronic
caliper was not used for quantification of
the luminal diameter. In addition, in
patent graft segments, the presence or ab-
sence of hemodynamically significant ste-
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nosis (50%–99% luminal narrowing) was
assessed for all three segments.
Conventional Coronary
Angiography
Biplanar conventional coronary an-
giography was performed by using the
Seldinger technique via the femoral ar-
tery with a 6- or 7-F catheter. To stan-
dardize vasomotor tone in the native
coronary arteries beyond the graft anas-
tomosis, all grafts were visualized selec-
tively after injection of a 0.1-mg bolus
of nitroglycerine within the graft lu-
men. Aortography and ventriculogra-
phy were performed before selective
catheterization of the coronary arteries
and the grafts or graft stumps according
to the surgical reports. Visualization of
the coronary arteries and the grafts was
performed according to standard pro-
jections (six projections for the left cor-
onary artery, four projections for the
right coronary artery, and an additional
two to four projections for each graft).
All studies were documented on video-
tape for subsequent review. Angiograms
were interpreted independently by one
cardiologist (R.K., 3 years of experience),
who had performed the angiography.
The cardiologist was aware of the number
of grafts and locations of the graft bodies
as obtained from surgical reports. The
cardiologist was asked to report patency
or occlusion of each segment of the grafts
individually. Presence of luminal stenosis
of each segment was also noted by using
the same grading scale as that used for CT
angiograms. An electronic caliper was
not used for quantification of luminal
diameter.
TABLE 1
Mean Image Quality of the Three Graft Segments as Assessed by Both Readers at 10 Reconstruction Intervals
within the Cardiac Cycle
Graft Segment
0% of
Cardiac
Cycle
10% of
Cardiac
Cycle
20% of
Cardiac
Cycle
30% of
Cardiac
Cycle
40% of
Cardiac
Cycle
50% of
Cardiac
Cycle
60% of
Cardiac
Cycle
70% of
Cardiac
Cycle
80% of
Cardiac
Cycle
90% of
Cardiac
Cycle
Proximal
segment* 4.44  0.72 4.58  0.61 4.38  0.63 4.52  0.7 4.53  0.6 4.52  0.64 4.64  0.53 4.64  0.53 4.46  0.66 4.49  0.65
Body of graft 3.56  0.75 3.5  0.81 3.77  0.69 3.87  0.71 3.98  0.67 4.12  0.68 4.08  0.6 4.06  0.63 3.92  0.63 3.85  0.76
Distal
anastomosis† 3.46  1.04 3.63  0.99 3.95  0.95 3.96  0.97 3.89  0.89 4.11  0.96 4.22  0.84 4.25  0.86 3.87  0.9 3.73  0.94
Note.—Data are mean image quality  SD.
* Proximal 1-cm graft length (including proximal anastomosis in venous bypass grafts).
† Includes distal 1 cm of graft segment.
Figure 1. Graphs demonstrate mean image quality of (a) proximal
segment, (b) graft body, and (c) distal anastomosis of all graft types as
assessed by both readers on CT angiograms. Error bars indicate 1
standard error. Image quality was not significantly different for various
reconstruction intervals in a (P  .8) but was significantly different for
various reconstruction intervals in b and c (P  .001 for both).
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Radiation Dose Estimation
One physicist (F.R.V., 10 years of expe-
rience) calculated effective radiation dose
delivered during CT angiography for a
mean distance of 17 cm (the mean
craniocaudal distance of the volume data
set) for both men and women. The dose
length product was calculated by using a
normalized weighted CT dose index
value of 0.10 mGy/mAs. This value is rep-
resentative of the normalized weighted
CT dose index expected with the type of
multi–detector row CT scanner used at
120 kV in this study. The dose length
product was then converted into effec-
tive dose values by means of a conversion
factor of 0.017 mSv/mGy  cm according
to the Commission of the European
Communities guidelines on quality crite-
ria for CT (13). All dose calculations were
performed by a physicist.
Estimates of the effective dose of coro-
nary angiography were calculated by one
physicist on the basis of dose area prod-
uct quantity that corresponded to the ac-
quisition protocol used. The dose area
product is displayed by the digital sub-
traction angiography system itself and is
representative of the total energy depos-
ited in the examined volume. The dose
area product value displayed by the unit
was verified according to the method de-
scribed by Bochud et al (14). A conver-
sion factor of 0.10 mSv/Gy  cm was used
for both men and women according to
the conversion factors published by Le
Heron (15) for lateral and posteroanterior
exposures in the chest area.
Statistical Analysis
Means and SDs of the grading of image
quality were calculated for each of the
three segments for all three types of
grafts. Image quality differences between
the three segments and between the
three types of grafts were compared by
using repeated-measures analysis of vari-
ance. In addition, analysis of variance
was used to evaluate differences between
IMA and venous grafts with regard to im-
age quality of the three graft segments.
Sensitivities, specificities, positive and
negative predictive values, and accuracies
of CT angiography compared with con-
ventional angiography for determination
of graft stenosis were calculated, as well
as 95% CIs based on binominal probabil-
ities for both readers. If there was no he-
modynamically significant stenosis in
the study group, then sensitivities, spec-
ificities, positive and negative predictive
values, and accuracies could be calcu-
lated only with regard to detection of
graft patency versus occlusion. Interob-
server agreements between both readers
who evaluated multi–detector row CT
angiograms were calculated by using 
statistics (including 95% CIs) with regard
to determination of bypass graft patency
versus occlusion. According to Landis
and Koch (16), a  value of 0 indicated
poor agreement; 0.01–0.20, slight agree-
ment; 0.21–0.40, fair agreement; 0.41–
0.60, moderate agreement; 0.61–0.80,
good agreement; and 0.81–1.00, excel-
lent agreement.
RESULTS
Quality of CT Angiograms
When all segments of all types of cor-
onary artery bypass grafts were analyzed
together, the reconstruction interval sig-
nificantly influenced image quality, as
rated by both readers (P  .001). On av-
erage, all graft segments were best visual-
ized at early and middiastole (50%–70%
of the cardiac cycle). At 50% of the car-
diac cycle, mean image quality was
4.18  0.80 for reader 1 and 4.21  0.83
for reader 2. At 60% of the cardiac cycle,
mean image quality was 4.30  0.76 for
reader 1 and 4.37  0.76 for reader 2. At
70% of the cardiac cycle, mean image
quality was 4.30  0.74 for reader 1 and
4.33  0.73 for reader 2. The lowest
scores of image quality were rated at 0%
of the cardiac cycle by both readers
(mean image quality, 3.81  0.96 for
reader 1 and 3.83  0.96 for reader 2).
Table 1 summarizes mean image quality
of the three segments of all graft types as
assessed by both readers.
Image quality was different for all
three graft segments. For the proximal
segment, there was no statistically signif-
icant difference in image quality between
the images reconstructed at the 10 differ-
ent reconstruction intervals (P  .8; Figs
1, 2) for both readers and for all three
graft types. In contrast, image quality of
the body of the graft (Fig 1) and image
quality of the distal anastomosis (Fig 1)
for all three graft types changed signifi-
cantly with varying reconstruction inter-
vals for both readers (P  .001; Fig 2).
Independent of graft type, the best image
quality of the graft body and the distal
anastomosis was obtained by both read-
ers at a reconstruction interval between
50% and 70% of the cardiac cycle (Fig 1,
Fig 3). There was no statistically signifi-
cant difference between reader 1 and
reader 2 with regard to grading of image
quality of all segments of all three graft
Figure 2. Images obtained in a 62-year-old man 12 years after venous coronary artery bypass
grafting to the left circumflex artery (type 2) and left IMA bypass grafting to the left anterior
descending artery (type 1). Transverse multi–detector row CT source images (nominal section
thickness, 2.5 mm; pitch, 0.38; window width, 600 HU; center level, 80 HU) obtained at the level
of the proximal anastomosis (arrow) of the venous coronary artery bypass graft and the level of
the body of the left IMA bypass graft (arrowhead) were reconstructed at (a) 60% and (b) 0% of the
cardiac cycle. Image quality of the proximal segment (arrow) of the graft was graded as excellent
(grade 5) by both readers, independent of reconstruction interval. At 0%, however, image quality
of the body of the left IMA graft (arrowhead) was degraded because of motion artifacts. Note that
the graft body is less visible on the image reconstructed at 0% because this part extended out of
the reconstructed section.
572  Radiology  August 2004 Willmann et al
R
a
d
io
lo
gy
Figure 3. Graph demonstrates mean image quality of the graft body
in the evaluation of three types of coronary artery bypass grafts.
Image quality was dependent on reconstruction interval for multi–
detector row CT angiograms read by both readers. Type 1 (F), distal
anastomosis to segments 6–10 (left anterior descending artery); type
2 (E), distal anastomosis to segments 11–15 (left circumflex artery);
and type 3 (Œ), distal anastomosis to segments 1–4 (right coronary
artery). Error bars indicate 1 standard error. Best image quality of
the graft body was obtained at 60% of the cardiac cycle for type 1
grafts, at 70% for type 2 grafts, and at 50% for type 3 grafts.
Figure 4. Graph demonstrates mean image quality of distal anasto-
mosis in the evaluation of three types of coronary artery bypass grafts.
Image quality was dependent on reconstruction interval for multi–
detector row CT angiograms read by both readers. Type 1 (F), distal
anastomosis to segments 6–10 (left anterior descending artery); type
2 (E), distal anastomosis to segments 11–15 (left circumflex artery);
and type 3 (Œ), distal anastomosis to segments 1–4 (right coronary
artery). Error bars indicate 1 standard error. Best image quality of
distal anastomosis was obtained at 60% of the cardiac cycle for type
1 grafts, at 70% for type 2 grafts, and at 50% for type 3 grafts.
Figure 5. Transverse multi–detector row CT angiographic
source images (window width, 600 HU; center level, 80 HU)
obtained at the level of the distal anastomosis (arrow) of a
venous bypass graft (BP) grafted onto the distal right coro-
nary artery (RCA) (type 3) in a 66-year-old woman. Source
images were reconstructed at (a) 20%, (b) 50%, and (c) 70%
of the cardiac cycle. At 50%, both readers rated image qual-
ity of the distal anastomosis as excellent (grade 5). Note that
surgical clip (arrowhead) at the distal anastomosis can be
depicted. Both readers rated image quality of the distal
anastomosis as good (grade 4) at 70% and moderate (grade
3) at 20% of the cardiac cycle.
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types (P  .95). In addition, there was no
significant difference between IMA and
venous grafts with regard to image qual-
ity of the proximal segment (P .16), the
graft body (P  .31), and the distal anas-
tomosis (P  .34).
When conducting a subanalysis with
regard to image quality according to graft
type, both the graft body (Fig 3) and the
distal anastomosis (Fig 4) of type 3 grafts
(distal anastomosis to segments 1–4)
were best visualized at a reconstruction
interval of 50% of the cardiac cycle (Fig
5). The reconstruction interval that re-
sulted in the best overall image quality
for both the graft body and the distal
anastomosis of type 1 grafts (anastomosis
to segments 6–10) was 60% of the cardiac
cycle (Fig 6). The graft body and the dis-
tal anastomosis of type 2 grafts (anasto-
mosis to segments 11–15) were best visu-
alized overall at a reconstruction interval
of 70% of the cardiac cycle.
Assessment of Graft Patency
Table 2 demonstrates the breakdown
of CT and conventional angiographic
findings by both readers with regard to
grading of graft stenosis or occlusion. On
CT angiograms, reader 1 identified occlu-
sion (grade 3) in 36 of 186 (19%) seg-
ments, and reader 2 detected occlusion in
33 of 186 (18%) segments. Hemodynam-
ically significant stenosis (grade 2) was
diagnosed in none of the segments by
both readers. The interobserver agree-
ment between both readers was excellent
(  0.84; 95% CI: 0.78, 0.89).
Conventional angiographic findings in-
dicated occlusion (grade 3) in 36 of 186
(19%) segments. Similar to CT angio-
graphic findings, no grade 2 luminal steno-
sis was present in the coronary artery on
the basis of evaluation of conventional an-
giograms. For the assessment of patency,
when CT angiograms and conventional
angiograms were compared, reader 1 find-
ings agreed in 174 of 186 (94%) segments,
and reader 2 findings agreed in 177 of 186
(95%) segments (Fig 7).
Table 3 summarizes true-positive find-
ings, true-negative findings, false-posi-
tive findings, false-negative findings, sen-
sitivities, specificities, and accuracies of
CT angiography for assessment of graft
patency for both readers. Since no hemo-
dynamically significant stenosis was
identified at evaluation of CT data sets or
at analysis of conventional angiograms,
diagnostic performance was calculated
only with regard to graft patency. Sensi-
tivity and specificity values of CT angiog-
raphy for detection of graft patency were
83% and 96%, respectively, for reader 1
and 83% and 98%, respectively, for
reader 2. The accuracy of CT angiography
in the detection of graft patency was 94%
for reader 1 and 95% for reader 2.
Assessment of bypass graft patency was
hampered because of metal clip artifacts
in five of 62 (8%) grafts in five of 20
(25%) patients. Artifacts from metal clips
were present at the distal anastomosis of
three left IMA grafts, at the proximal seg-
ment of one left IMA graft, and at the
distal anastomosis of one venous bypass
graft that was grafted onto the left ante-
rior descending coronary artery. How-
ever, image analysis was still possible for
diagnostic purposes with regard to assess-
ment of graft patency.
Radiation Exposure
With the use of the CT parameters de-
scribed, the effective dose of the multi–
detector row CT angiograms was calcu-
lated to be 11.4 mSv for both men and
women. For conventional coronary an-
giography, the mean effective dose was
estimated to be 2.1 mSv (range, 1.1–3.3
mSv) for both men and women.
DISCUSSION
So far, conventional coronary angiogra-
phy has been considered the imaging
modality of choice for the assessment of
coronary artery bypass grafts in patients
with symptomatic coronary artery dis-
ease after bypass graft placement. Since
conventional coronary angiography is an
invasive procedure that includes a con-
siderable risk of complications and re-
quires hospitalization, alternative nonin-
vasive diagnostic modalities have been
developed for evaluation of coronary ar-
tery bypass grafts.
Contrast-enhanced three-dimensional
magnetic resonance (MR) angiography is
a promising technique that allows both
assessment of coronary artery bypass
graft occlusion and graft stenosis with a
diagnostic accuracy of up to 83% (17).
Limited spatial resolution and artifacts
caused by vascular clips surrounding ar-
terial grafts may limit MR angiography in
the evaluation of small arterial bypass
grafts, such as IMA bypass grafts (17). In
addition, MR angiography cannot be per-
formed in claustrophobic patients or in
patients with cardiac pacemakers or defi-
brillators, which are often implanted in
patients with coronary artery disease.
Electron-beam CT has been demon-
strated to be useful for evaluation of cor-
onary artery bypass grafts, with a re-
ported diagnostic accuracy of 97%–100%
for detection of graft patency (18,19).
However, possible drawbacks of electron-
beam CT include the limited volume cov-
erage (maximum 40 sections acquired
Figure 6. Images in a 79-year-old man with left IMA bypass graft to the left anterior descending
artery (type 1) and venous bypass graft to the left circumflex artery (type 2). Left anterior
volume-rendered displays from multi–detector row CT data set reconstructed at (a) 60% and
(b) 0% of the cardiac cycle demonstrate distal anastomosis (large arrow) of left IMA bypass graft
to the left anterior descending artery. Image quality of the distal anastomosis was rated as
excellent (grade 5) by both readers at 60%. Because of motion artifacts, both readers rated image
quality of the distal anastomosis as moderate (grade 3) at 0%. Note opacification of stenotic
proximal native left anterior descending artery due to retrograde filling (arrowhead). Also note
distal native left anterior descending artery (small arrow).
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with a section thickness of 3 mm, result-
ing in a maximal craniocaudal volume
coverage of 12 cm) and the fact that CT
data can only be acquired with prospec-
tive ECG gating (20).
Ropers et al (11) reported their experi-
ence in the assessment of coronary artery
bypass grafts by using retrospectively
ECG-gated multi–detector row CT an-
giography. In that prospective study, the
authors evaluated 65 patients with a total
of 182 bypass grafts with conventional
coronary angiography as the standard of
reference. According to the findings of
Ropers et al (11), retrospectively ECG-
gated multi–detector row CT angiogra-
phy yielded an excellent diagnostic per-
formance with regard to assessment of
occlusion of the graft (sensitivity, 97%;
specificity, 98%) and a satisfactory diag-
nostic performance with regard to assess-
ment of stenosis of the bypass graft (sen-
sitivity, 75%; specificity, 92%). However,
a major drawback of the study was the
fact that 47 of 124 (38%) of the patent
grafts were not eligible for analysis of
presence or absence of high-grade steno-
sis (11). Although metal artifacts were the
most frequent cause of grafts that could
not be evaluated (17 of 48), a substantial
number of the nonanalyzable coronary
bypass grafts resulted from motion arti-
facts related to the heart, breathing, or
movement (11). The thicker sections
used in our study and, hence, the shorter
time for inspiratory breath holding, as
well as optimal determination of the re-
construction interval, may have reduced
the number of nonanalyzable graft seg-
ments in our study. Image quality was
reduced because of the presence of metal
clip artifacts in five of 62 (8%) coronary
artery bypass grafts in five of 20 (25%)
patients in our study. The lower fre-
quency of clip artifacts in our study
might have also been influenced by dif-
ferent surgical techniques.
According to articles published previ-
ously and our own experience, image
quality of different parts of the coronary
artery bypass graft is usually not uniform
(12,20). Since the proximal segment is
rarely affected by heartbeat-related arti-
facts, the body and in particular the distal
anastomosis of the bypass graft are sus-
ceptible to these artifacts. In the study of
Ropers et al (11), out of nine false-posi-
TABLE 2
CT Angiography versus Coronary Angiography for Detection of Graft Patency in 20 Patients with 62 Grafts
(186 graft segments)
Graft Segment
Patent Graft Segment Significant Stenosis of Segment* Occlusion of Segment
Conventional
Angiography
CT Angiography
Conventional
Angiography
CT Angiography
Conventional
Angiography
CT Angiography
Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2
Proximal segment 50 50 51 0 0 0 12 12 11
Body of graft 50 50 51 0 0 0 12 12 11
Distal anastomosis 50 50 51 0 0 0 12 12 11
Total 150 150 153 0 0 0 36 36 33
* Hemodynamically significant stenosis (50%–99% luminal narrowing).
Figure 7. Volume-rendered display of multi–detector row CT angiograms obtained 5 years 8 months after coronary artery bypass
graft placement in a 66-year-old woman with patent grafts. (a) Right lateral double-oblique reconstruction and (b) inferior
double-oblique reconstruction demonstrate patent venous coronary artery bypass graft to the distal right coronary artery (type 3).
Retrospective ECG-gated reconstruction of CT data set was performed at 50% of the cardiac cycle. Both readers rated image quality
of the proximal anastomosis (large arrow), graft body (small arrow), and distal anastomosis (large white arrowhead) as excellent
(grade 5). Occlusion of proximal native right coronary artery (small white arrowhead) and a second venous coronary artery bypass
graft (black small arrowheads) grafted onto the left circumflex artery (type 2) can also be seen. Note posterolateral and interven-
tricular branches (large black arrowheads) of the right coronary artery. (c) Right anterior oblique projection of conventional
coronary angiogram obtained in the same patient confirms patency of the graft to the distal right coronary artery (large arrow,
proximal anastomosis; small arrow, graft body; arrowhead, distal anastomosis).
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tive findings for the detection of bypass-
related high-grade stenosis, six were lo-
cated at the distal anastomosis of the
graft. The results of our study indicate
that delineation of the body and the dis-
tal anastomosis of grafts may be im-
proved by optimally selecting the recon-
struction interval within the cardiac
cycle. The body and distal anastomosis of
coronary artery bypass grafts that were
grafted onto the left anterior descending
artery (type 1) as well as onto the left
circumflex artery (type 2) were best visu-
alized with reconstruction intervals at
60%–70% of the cardiac cycle. For coro-
nary artery bypass grafts that were
grafted onto the right coronary artery
(type 3), image quality of the body and
distal anastomosis of the graft was signif-
icantly improved by selecting the recon-
struction interval at 50% of the cardiac
cycle.
The influence of the reconstruction in-
terval on graft visibility is in accordance
with the findings of two studies (12,20)
in which the influence of the reconstruc-
tion interval of retrospectively ECG-
gated multi–detector row CT angiogra-
phy on the visibility of coronary arteries
was investigated. By using retrospectively
ECG-gated multi–detector row CT an-
giography, Kopp et al (20) showed that
the left anterior descending artery was
best visualized in mid-diastole at 60%–
70% of the cardiac cycle. In addition, the
same authors demonstrated that the left
circumflex artery is best visualized at 50%
of the cardiac cycle, and the right coro-
nary artery is best visualized at 40% of
the cardiac cycle. Similar results were also
reported by Hong et al (12), who
achieved optimal image quality for the
right coronary artery when the images
were reconstructed at 50% of the cardiac
cycle and when the left circumflex coro-
nary artery was reconstructed at 60% of
the cardiac cycle. In the same study,
Hong et al (12) showed that optimal im-
age quality for the left anterior descend-
ing coronary artery was obtained equally
at 50% and 60% of the cardiac cycle.
Hence, according to the results of the
aforementioned studies and the results of
our study, it may be concluded that the
image reconstruction interval for retro-
spectively ECG-gated multi–detector row
CT angiography should be adapted for
evaluation of the graft body and the dis-
tal anastomosis of the graft to improve
image quality.
The fact that the image quality of the
proximal segment of the coronary artery
bypass graft was independent of the re-
construction interval may be explained
by the anatomic relationship of the anas-
tomosis relative to the aortic level. In our
series, the proximal segment originated
from either the ascending aorta (in ve-
nous bypass grafts) or the subclavian ar-
tery (in IMA bypass grafts). Since it has
been demonstrated that for retrospec-
tively ECG-gated multi–detector row CT
angiography, heartbeat-related motion
artifacts of the thoracic aorta were less
pronounced when moving from the level
of the aortic valve to the ascending aorta
and supraaortic vessels (21), this may ex-
plain why the reconstruction interval did
not influence the image quality of the
proximal segment.
When compared with the results in the
study of Ropers et al (11), the sensitivity
and specificity of multi–detector row CT
angiography with regard to assessment of
graft patency obtained in our study were
lower (83% sensitivity for both readers in
our study vs 97% in the study of Ropers
et al; 96% specificity for reader 1 and 98%
for reader 2 in our study vs 98% in the
study of Ropers et al). The lower sensitiv-
ity and specificity values obtained in our
study may be explained by the fact that
the analysis performed in our study was
based on different bypass graft segments
instead of the entire graft, as used in the
study of Ropers et al (11). In addition, in
the study of Ropers et al, a section thick-
ness of 1.25 mm was used, whereas a
section thickness of 2.5 mm was used in
our study. In our study, however, diag-
nostic accuracy with regard to assessment
of graft patency was similar to that in the
study of Ropers et al for both readers
(94% for reader 1 and 95% for reader 2 in
our study vs 98% in the study of Ropers
et al).
A major drawback of retrospectively
ECG-gated multi–detector row CT data
acquisition is the radiation dose. Since
the data are acquired with an overlap-
ping helical pitch and continuous x-ray
exposure, the applied radiation dose is
higher than that in the prospectively
ECG-triggered sequential acquisition. In
our study, a mean effective dose value of
11.4 mSv was calculated. When com-
pared with the mean effective dose val-
ues calculated for conventional coronary
angiography, the mean effective dose
with multi–detector row CT angiography
was higher by a factor of about five. How-
ever, by reducing the tube output during
heart phases that are not likely to be tar-
geted by the ECG-gated reconstruction
(ie, reconstruction intervals except 50%–
70%), a dose reduction of up to 48% is
possible (22). To have consistent data ac-
quisition in our study, we did not vary
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the tube output at the different phases of
the cardiac cycle. Furthermore, improve-
ments in dose usage of recent-generation
16-channel multi–detector row CT scan-
ners may also help in reducing radiation
dose (23).
Flohr et al (23) demonstrated that the
relative dose usage can be increased from
70% to 89% when using a 16-channel CT
scanner as opposed to a four-channel CT
scanner. Since our study has demon-
strated that optimal image quality can be
obtained at reconstruction intervals be-
tween 50% and 70% of the cardiac cycle,
our current protocol for assessment of
bypass grafts includes dose reduction
strategies that reduce the CT tube output
during heart phases that are not targeted
by the reconstruction intervals. However,
if the clinicians ask for additional func-
tional information (eg, assessment of the
ejection fraction), reconstruction at 10%
increments is still needed, and dose re-
duction during systole may not be ap-
plied. Further studies are warranted to
demonstrate whether multi–detector
row CT may also provide accurate func-
tional data even with the use of dose
reduction strategies.
Several limitations of our study need to
be addressed. First, the number of pa-
tients was relatively small. Because more
than one graft was implanted in most
patients, the P values in the analysis of
the image quality of the grafts may have
been biased as a result of a clustering
effect. Since there were no stenotic graft
segments in our study population, we
could only calculate sensitivity and spec-
ificity of retrospectively ECG-gated mul-
ti–detector row CT angiography with re-
gard to diagnosis of graft patency versus
occlusion but not with regard to graft
stenosis.
The lack of hemodynamically signifi-
cant stenosis in this series may be ex-
plained by the fact that the frequency of
graft stenosis is reported to be signifi-
cantly lower than that of occlusion (24).
We did not evaluate systematically the
stepwise improvement of the diagnostic
confidence of the readers when analyzing
different reconstruction intervals. In ad-
dition, the interval of 10% for image re-
construction was chosen arbitrarily in
our study. Finally, we did not assess the
influence of the patient’s heart rate on
image quality. A recent study (25) dem-
onstrated that better image quality of
coronary arteries may be obtained in pa-
tients with heart rates below 70 beats per
minute. Future studies are warranted to
evaluate whether heart rate may also in-
fluence image quality of different seg-
ments of various types of coronary artery
bypass grafts.
In conclusion, our study has demon-
strated that appropriate selection of re-
construction interval in retrospectively
ECG-gated multi–detector row CT an-
giography can significantly improve the
image quality of different types of coro-
nary artery bypass grafts, the body of the
graft, and the distal anastomosis in par-
ticular. With optimized retrospective re-
construction, patency of the coronary ar-
tery bypass graft can be predicted with
high accuracy.
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